he particle size indicator on which particulate matter (PM) air quality regulations in the U.S. is based has changed over the years from a total suspended particulate (TSP) basis to the current PM 10 and PM 2.5 basis. PM 10 and PM 2.5 refer to the mass fractions of PM suspended in ambient air having nominal aerodynamic diameters less than or equal to 10 and 2.5 micrometers (mm), respectively. The National Ambient Air Quality Standards (NAAQS) for PM are ambient concentration limits established to protect public health (primary standards) and public well being (secondary standards). The original primary and secondary NAAQS for TSP was 260 μg m -3 based on a 24 h average. This standard was changed in 1987 to regulate the concentration of PM 10 . Mention of a trade name, propriety product, or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply approval of a product to the exclusion of others that may be suitable.
The primary and secondary PM 10 NAAQS established by the EPA in 1987 were 150 mg m -3 (24 h average) and 50 mg m -3 (annual average) (Federal Register, 1987) . In 1997, the NAAQS was further modified to include a standard for regulating PM 2.5 (Federal Register, 1997) . The primary and secondary NAAQS for PM 2.5 established by the EPA in 1997 were 15 μg m -3 (annual average) and 65 mg m -3 (24 h average). Subsequent to the 2006 review of the PM NAAQS, the EPA Administrator modified the PM 10 standard by removing the annual average concentration limit of 50 μg m -3 while retaining the 24 h average primary and secondary standard of 150 μg m -3 (Federal Register, 2006) . The Administrator also modified the PM 2.5 standard by lowering the 24 h average primary and secondary standard to 35 μg m -3 while maintaining the annual average concentration limit (primary and secondary) of 15 μg m -3 (Federal Register, 2006) . Ambient PM 2.5 and PM 10 (and formerly TSP) concentration monitoring for regulatory purposes must be conducted in accordance with federal guidelines. The EPA publishes a list of approved sampling devices that may be used to measure ambient PM concentrations for regulatory purposes (EPA, 2005) . All of the samplers approved by the EPA have been designated as federal reference method (FRM) or federal equivalent method (FEM) samplers according to 40 CFR Part 53 (CFR, 1999) . Work by Buser (2004) showed that FRM PM 10 and PM 2.5 samplers overstate the true concentrations of PM 10 and PM 2.5 , respectively, when sampling dusts with mass median diameters (MMD) larger than the cutpoint of the sampler. Agricultural operations (including feedyards, cotton gins, and grain processing facilities) emit dusts with MMDs larger than T 10 μm (Capareda et al., 2005) . Consequently, PM 10 and PM 2.5 samplers may overstate the true concentration of PM 10 and PM 2.5 respectively, when sampling agricultural dusts. Field work by Capareda et al. (2005) at a Texas cotton gin indicated that PM 10 samplers overstate true PM 10 concentrations by 181%. A protocol described by Wanjura et al. (2004) used TSP concentration measurements along with particle size distribution (PSD) analysis to obtain more accurate measurements of PM 10 concentrations from agricultural operations.
Included in the list of EPA-approved PM 10 samplers is the Rupprecht & Patashnick (R&P) Series 1400a ambient PM 10 monitor (R&P Series 1400a TEOM monitor, Rupprecht & Patashnick Co., Inc., Albany, N.Y.) . This R&P monitor obtained its status as an automated equivalent method for PM 10 in 1990 (Federal Register, 1990 and has since become a popular device used by state air pollution regulatory agencies (SAPRAs) to continuously monitor PM 10 concentrations. When configured as designated for its PM 10 federal equivalence method status, the R&P Series 1400a monitor uses the same PM 10 inlet as the FRM PM 10 sampler identified by Buser (2004) to exhibit oversampling errors.
The R&P Series 1400a monitor uses the tapered element oscillating microbalance (TEOM) method to measure PM 10 concentrations on a real-time basis (Rupprecht and Patashnick, 2002) . When the R&P Series 1400a monitor is configured as it was approved as a FEM PM 10 sampler, it consists essentially of a sample inlet head that allows particles less than 10 μm to pass into the instrument, the TEOM sensor unit with mass transducer, and the control unit. The monitor can also be configured to measure TSP or PM 2.5 concentrations using size-selective inlets manufactured by R&P. Although the 1400a is not designated as the FRM or FEM sampler for measuring TSP or PM 2.5 in the U.S., it has been approved by the German EPA for measuring TSP and PM 10 concentrations (Thermo Fisher, 2007) . The manufacturer specifies precision of the 1400a as ±1.5 μg m -3 (1 h average) or ±0.5 μg m -3 (24 h average). Additionally, the mass measurement accuracy of the instrument is specified by the manufacturer as ±0.75% (Thermo Fisher, 2007) .
Several sources have indicated that the Series 1400a monitor, when configured to measure PM 2.5 or PM 10 concentrations, tends to report different concentrations than those measured by gravimetric FRM samplers. Hitzenberger et al. (2004) found that PM 2.5 concentration measurements made by the R&P Series 1400a monitor could be as much as 18% lower than comparable gravimetric measurements. They concluded that these differences in PM 2.5 concentrations may be partially attributable to the evaporation of volatile materials in the sample stream due to the heating of the sample air stream to 50°C before entering the sensor unit to remove particle-bound water that may effect mass measurements. Similarly, Eatough et al. (2003) found that volatile particulate matter makes up a considerable portion of urban fine particulate matter (PM 2.5 ) and will not be measured if the sample stream is heated such that these materials volatize and subsequently are not deposited on the sampler filter media.
The opposite result was observed by Vega et al. (2003) in a study comparing TEOM PM 10 concentrations to U.S. FRM gravimetric PM 10 sampler concentrations taken at five sites near Mexico City, Mexico. Over the two-month testing period, it was concluded that the TEOM concentration measurements were consistently higher than the FRM gravimetric PM 10 concentrations. The degree to which concentration values were overstated varied with the PM 10 concentration level. Vega et al. (2003) indicated that statistical tests showed that the TEOM and FRM gravimetric samplers did not yield equivalent measurements and that they should not be used interchangeably.
A successful method to correct continuous betaattenuation monitor concentrations to gravimetric PM 10 concentrations taken every fourth day was developed by Gehrig et al. (2005) . They concluded that this same method would be successful if used to correct real-time concentrations measured by TEOM monitors to concentrations measured by FRM gravimetric samplers. The implications of this work are that continuous TEOM monitors can be used with collocated gravimetric samplers that take concentration measurements on a less frequent basis (approx. every 4 d) to give accurate PM 10 concentration monitoring results with increased time resolution. Decreasing the number of gravimetric samples taken significantly reduces monitoring costs, as gravimetric measurements are time and labor intensive to obtain.
The Center for Agricultural Air Quality Engineering and Science (CAAQES) at Texas A&M University has collected several data sets from collocated TEOM samplers (configured to measure TSP concentrations) and low-volume TSP samplers from agricultural operations. The objective of this work was to define the relationship between PM concentrations measured by the TEOM and gravimetric samplers and characterize the influence of concentration intensity and particle size on that relationship. It was hypothesized that differences in TSP concentrations measured by the TEOM sampler versus the gravimetric TSP sampler are attributable to the characteristics defining the PSD (mass median diameter and geometric standard deviation) of the sampled dust. If the relationship between TEOM and TSP concentrations could be determined, it may be possible to develop a methodology similar that used by Wanjura et al. (2004) to monitor PM 10 and PM 2.5 concentrations on a near real-time basis.
METHODS

TEOM SAMPLER PRINCIPALS AND OPERATION
The R&P Series 1400a monitor consists of three main components ( fig. 1) including: S The sample inlet designed to allow the TSP, PM 10 , or PM 2.5 fraction of the PM concentration in the air to pass into the instrument for concentration analysis S The TEOM sensor unit, containing the microbalance and filter chamber. S The system control module to monitor and record sampling flow rate data, filter mass measurements, and ambient temperature and barometric pressure measurements. Figure 1 shows the layout of the R&P Series 1400a sampler configured to measure TSP concentrations. Initially, the 16.67 L min -1 sampling flow rate is drawn through the inlet head from the outside. The sampling flow rate is isokinetically split into a 3 L min -1 sample flow rate that is passed to the TEOM sensor unit and the remaining 13.67 L min -1 bypass flow (auxiliary flow) that is exhausted to the outside. The 3 L min -1 sample flow is drawn through a replaceable cartridge containing a filter made of Teflon-coated borosilicate (glass fiber). Airflow through the sampler is monitored and controlled by two mass flow controllers that maintain the total flow at 16.67 ±1 L min -1 and the sample flow rate at 3 ±0.2 L min -1 (Rupprecht and Patashnick, 2002) .
The method used by the R&P Series 1400a sampler to measure PM concentrations on a real-time basis is described by Rupprecht and Patashnick (2002) .
SAMPLING METHODOLOGY
R&P Series 1400a TEOM monitors were collocated with low-volume TSP samplers ( meteorological data taken during each sampling event.
Based on previous sampling experience at cattle feedyards, the PSD of the PM measured downwind of the feeding pens was expected to be considerably larger than that of the upwind or background PM. In 2004, one set of collocated samplers was placed at the northern edge of the feedyard to measure feedyard emissions, and the second set was placed at the southern edge of the feedyard to measure background concentrations. The samplers were placed on the eastern and western edges of the feedyard in 2005. It was expected that the eastern sampler would measure predominately downwind concentrations from the feeding pens and from an unpaved road located between the sampling station and the feeding pens, while the western samplers would measure predominately upwind concentrations with smaller PSDs. Equipment failures during the spring of 2005 caused data collection problems. As a result, only data from the eastern sampler were available from the sampling conducted in 2005, leaving three datasets for comparison purposes. The sampling locations from which data were available are indicated in figure 2 by the circled icons.
Each of the TEOM samplers was configured to measure TSP concentrations with a flow rate of 16.67 L min -1 . The TSP inlets used on the TEOM instruments were the same as those designed for the LVTSP samplers designed by CAAQES. The design of these TSP inlets was described by Wanjura et al. (2005) . The sample flow rate of particle-laden air drawn through the mass transducer was 3 L min -1 . The remaining 13.67 L min -1 was exhausted to the outside of the instrument. The TEOM samplers were configured to record the total mass of PM accumulated on the filter cartridge. The mass of PM captured on the TEOM filter cartridge during each test was determined by subtracting the accumulated mass at the end of the test from the accumulated mass at the beginning of the test. The test average TSP concentration measured by the TEOM sampler was determined by dividing the mass of PM collected on the filter cartridge by the total volume of air drawn through the mass transducer.
The low-volume TSP samplers used to obtain the gravimetric TSP concentrations for this study were the same as those described by Wanjura et al. (2005) . The low-volume TSP samplers used a 16.67 L min -1 sampling flow rate. The sampled air was drawn through a 47 mm diameter polytetrafluoroethylene (PTFE) filter (2 μm pore size, Zefluor membrane filter, Pall Corp., East Hills, N.Y.). All of the filters used were conditioned before and after exposure according to the protocol outlined by Wanjura et al. (2005) before being weighed on a balance (0 to 41 g range, ±0.01 mg accuracy, AG245, Mettler Toledo, Greifensee, Switzerland). Test durations ranged from 3 to 9 h. Meteorological conditions were monitored during each test using a weather station (model S-THB-M002 temp/RH sensor and model S-BPA-CM10 barometric pressure sensor, Onset Computer Corp., Pocasset, Mass.)
Particle size distribution analyses were performed on the filters collected from the LVTSP samplers using a Coulter Multisizer3 (Beckman-Coulter, Miami, Fla.). The filter media were placed in a 5% lithium chloride methanol solution prior to being subjected to an ultrasonic bath for 5 min to remove the PM from the filter media. The Multisizer3 was configured with a 100 mm aperture tube to measure particles in the range from 2 to 60 mm. The protocol used to analyze the PSDs was described by Faulkner and Shaw (2006) . Previous work by Sweeten et al. (1998) indicated that PSD analyses from filters used to measure PM concentrations from a feedyard follow the lognormal distribution relating percent mass to aerodynamic equivalent particle diameter. Thus, it was expected that the relationship between percent mass and aerodynamic equivalent diameter (AED) from the PSDs would follow a lognormal distribution described by the MMD and geometric standard deviation (GSD).
Linear regression, correlation analysis, analysis of variance (ANOVA), and one-sample t-test procedures were used to identify relationships in the measured data. The General Linear Model in SPSS (SPSS 12.0.1, SPSS, Inc., Chicago, Ill.) was used to carry out these analyses with a level of significance (a) of 0.05.
RESULTS
The concentration data collected at the S1 and N1 locations during 2004 indicate that the TEOM sampler tends to report lower concentrations than the collocated LVTSP sampler ( figs. 3 and 4) . However, the concentration data from the E1 location during 2005 indicate that the TEOM sampler measured concentrations both higher and lower than the collocated LVTSP sampler in equal proportions ( fig. 5) . Overall, the TEOM sampler tended to report lower concentrations than the LVTSP at lower concentrations ( fig. 3 ) and reported higher concentrations than the LVTSP at higher concentrations (figs. 4 and 5).
The results of linear regression analyses relating LVTSP sampler concentration to TEOM TSP concentration for each of the datasets are shown in table 1. As seen in figures 3 through 5 and table 1, most of the data indicated that there was a strong linear relationship (R 2 ranging from 0.85 to 0.92) between the LVTSP and TEOM sampler concentrations. However, the 2004 data from location S1 were more scattered than the other datasets and as a result had a lower R 2 value (0.49). The analysis indicated that the slopes and intercepts for the regression equations were all significant (slope p-values < 0.001 and intercept p-values < 0.03). The significant slopes are indicative of the linear relationship between LVTSP and TEOM concentration, while the strength of the linear relationship is indicated by the R 2 value. The trends observed in the concentration data indicate that the concentrations measured by the TEOM sampler may be influenced by both the magnitude of the TSP concentration and the PSD of the sampled PM. The measurement error of the TEOM sampler, as defined in equation 1, was introduced to help investigate the influence of TSP concentration and PSD characteristics on the performance of the TEOM sampler: Correlation analyses performed on the TEOM measurement error, TEOM concentration, gravimetric TSP concentration, test average relative humidity, and test average temperature indicated insignificant correlations between the variables. Thus, the ambient temperature and relative humidity were observed to have little effect on the measurement error of the TEOM sampler. The results of the correlation analyses are shown in tables 4 and 5.
Linear regression analyses were performed on the data from the N1 sampling location (spring 2004) It was expected that the relationship between TSP measurements made by collocated TEOM and LVTSP samplers would follow a pattern similar to that seen by Vega et al. (2003) . The results presented by Vega et al. (2003) indicated that the TEOM sampler would report higher concentrations of PM 10 than a collocated gravimetric PM 10 sampler. These samplers were sampling in an urban environment near Mexico City, Mexico. The EPA (1996) characterizes the PSD typical of urban environments as having an MMD of approximately 6 mm with a GSD of fig. 6 ), linear regression analysis relating the measurement error of the TEOM sampler and the MMD of the LVTSP sampler indicates that for MMDs lower than 20 mm, the measurement error of the TEOM sampler (as defined by equation 1) is negative. The converse is true for MMDs over 20 μm. A negative measurement error indicates that the TEOM sampler is reporting higher concentrations than the gravimetric sampler. The data used to substantiate this finding exhibit considerable spread in the data points with MMD <20 μm. Thus, the strength of the relationship shown in figure 6 may be improved with further research.
Several factors could have lead to these results. For example, the operating characteristics of the TSP inlets allow a much broader range of particle diameters to enter the sample stream of the TEOM than PM 10 inlets. In general, this causes the percentage of smaller particles (particle diameter ≤ 10 μm) captured on the filter to be lower for a TSP sample than the percentage of smaller particles for a PM 10 sample. As a result, the isokinetic sampling point in the flow splitter of the TEOM may influence the sample flow such that more of the smaller diameter particles are pulled into the sample stream that is sent to the TEOM sensor unit. This possibility is indicated in the relationship between the TEOM measurement error and the MMD of the LVTSP sampler ( fig. 6 ). As the MMD increases, the measurement error of the TEOM moves from a negative value (indicating that the TEOM concentrations are higher than the gravimetric TSP sampler concentrations) to a positive value when the MMD is larger than 20 mm.
In addition, the deposition of particles on the TEOM filter may influence the mass concentrations in some way. If the PM mass is deposited on the filter in a concentrated location, then the physical parameters of the TEOM mass-spring system could be influenced such that the K 0 (system spring rate constant) value changes. However, this is highly unlikely, as the TEOM units have been repeatedly shown to have a linear decrease in oscillation frequency with increasing system mass.
These factors are not presented as definitive answers to explain the differences in the concentrations measured by the TEOM samplers compared to that of the gravimetric TSP sampler, but only perhaps as suggestions for future work in this area.
CONCLUSIONS
The major findings of the work presented in this article are as follows:
There was a significant positive linear correlation between TSP concentrations measured by collocated TEOM and gravimetric samplers. In general, the TEOM sampler measured lower concentrations than the collocated gravimetric TSP sampler. Wide confidence intervals in the measurement error of the TEOM sampler for each dataset indicate large uncertainty in the concentrations measured by the TEOM samplers. Thus, accurate measurements of TSP concentrations cannot be determined by TEOM samplers alone. It is necessary to collocate gravimetric TSP and TEOM samplers in order to develop a relationship between measured and true TSP concentrations. Once established, this relationship can be used to estimate true concentrations from concentrations measured by the TEOM sampler.
The relationship between TEOM measurement error and LVTSP concentration varied by sampling location. For the upwind sampling location (2004-S1), the relationship was linear with a significant positive slope. However, the slope of the linear relationship observed for the downwind locations (2004-N1 and 2005-E1) was negative and only significant for the 2005 dataset. Combining all data, the relationship between TEOM measurement error and LVTSP concentration was observed to be indirect and significant. More investigation into the influence of concentration intensity on TEOM sampler performance is necessary.
The measurement error of the TEOM had a significant positive correlation with the MMD of the collocated gravimetric TSP sampler. Similarly, there was a positive correlation between TEOM measurement error and GSD, but it was only significant for the 2005-E1 data.
There was a stronger positive linear relationship between the measurement error of the TEOM sampler and the MMD of the collocated LVTSP sampler than with GSD.
There was no significant correlation between the concentration measured by the TEOM sampler, gravimetric TSP sampler, or the measurement error of the TEOM sampler with the ambient temperature or relative humidity during the tests. Thus, the ambient temperature and moisture had little effect on the measurement error of the TEOM sampler.
